The plethodontid genus Batrachoseps, the slender salamanders, is the most diverse clade of salamanders in western North America, but it has posed taxonomic difficulties because it contains many morphologically cryptic species. A segment of the mitochondrial DNA gene cytochrome b was studied for 278 individuals densely sampled from throughout the range of all 18 described species and several undescribed species. Phylogenetic analyses of the mtDNA data identify six major clades, one corresponding to the subgenus Plethopsis and five within a monophyletic subgenus Batrachoseps. All major clades and most species within these clades display strong phylogeographic structuring. Comparisons of mtDNA and allozyme data show that several allozymically cohesive groups are not monophyletic with respect to mtDNA. We suggest that this phenomenon results from fragmentation of populations, divergence in allopatry, and then recontact and gradual merging of units caused predominantly by male-mediated gene flow. The mtDNA offers evidence that populations were once more isolated than they are now, while the patterns of allozyme variation reflect recent and current interactions among populations. The complex patterns of morphological, allozymic and mtDNA variation associated with the constantly changing geological landscape give insight into the nature of processes responsible for species formation in Batrachoseps.
INTRODUCTION
Clade differentiation and divergence, and species formation, are central issues for understanding the phylogenetic history of lineages. Patterns of variation in molecular markers allow us to examine these and related issues in unprecedented detail. Not only are molecular data widely used to infer phylogenetic history, but they may also give insight into such biological factors as life history and population biology that play important roles in generating patterns of differentiation. Furthermore, the histories of markers with different transmission dynamics (i.e. maternally vs. paternally vs. biparentally transmitted markers) reflect differences in life histories of males and females, and can illuminate evolutionary dynamics associated with gene flow and interactions in contact zones. Traditional morphological approaches also remain important in investigations of diversification, as morphology often reflects adaptation at the organismal level. Comparisons of morphological data and molecular data derived from different kinds of markers can elucidate processes responsible for the overall patterns of divergence (Avise, 2000) .
Because salamanders are so morphologically conservative, researchers turned to molecular markers for determining species borders rather early, and many salamander clades have been subjected to detailed analyses of genetic differentiation and geographical variation. The largest family, comprising the lungless salamanders (Plethodontidae), has been intensively studied (e.g. Highton et al., 1989; Moritz et al., 1992; Jackman & Wake, 1994; Highton, 1995; Tilley & Mahoney, 1996; Wake, 1997; Chippendale et al., 2000; García-París & Wake, 2000; García-París et al., 2000a, b; Highton & Peabody, 2000; Jockusch et al., 2001; Mead et al., 2001; Parra-Olea & Wake, 2001 ). Here we report the results of an extensive survey of variation in the mitochondrial gene cytochrome b in slender salamanders of the genus Batrachoseps (Plethodontidae), a group for which much allozyme data are also available (Yanev, 1978 (Yanev, , 1980 Jockusch et al., 1998 Jockusch et al., , 2001 . Discrepancies between theallozyme and mtDNA data sets highlight the importance of examining multiple data sets, and identify potentially fruitful areas for further study. In Batrachoseps, the patterns of allozyme variation appear to reflect recent and current patterns of interactions among populations, while the maternally transmitted mtDNA appears to reflect deeper history. We use these different data sets to infer the phylogenetic history of the genus, and to offer a perspective on how lineages of salamanders diversify and how species form.
The slender salamanders, genus Batrachoseps, are the most diverse clade of salamanders in western North America. All of these species are strictly terrestrial throughout life. They are secretive organisms, and all are at least subfossorial. Communal oviposition is documented in B. gregarius, and may also occur in other species (Jockusch & Mahoney, 1997) . Although Batrachoseps occurs in highly diverse habitats (from rainforests to deserts), it is dependent on moisture and it is restricted to favourable microhabitats or to seasonally limited surface activity, especially in arid regions. Morphological variation in the group is relatively limited; as recently as 1954 only two species were recognised (Hendrickson, 1954) . However, a combination of careful analysis of morphological variation (Brame & Murray, 1968) , examination of patterns of genetic differentiation (Yanev, 1978 (Yanev, , 1980 Jockusch, 1996; Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) and discoveries of highly differentiated forms in unexpected places (Brame, 1970; Marlow et al., 1979; Wake, 1996) has led to the recognition of additional species (Table 1) . Currently, 18 species are recognized. Batrachoseps is the sister taxon of the supergenus Bolitoglossa (Jackman et al., 1997) , the most diverse of the plethodontid clades (including all Neotropical salamanders), with over 200 species recognized. Thus, understanding the factors influencing diversification in Batrachoseps may also give insight into the impressive radiation of its sister group, which includes nearly 50% of known salamanders.
Monophyly of Batrachoseps is strongly supported by both morphological and molecular data (Jackman et al., 1997) . Synapomorphies include the presence of only four digits on the hind feet, a large dorsal fontanelle in the skull and a projectile tongue attached to the jaw by an elongated genioglossus muscle (Wake, 1966; Lombard & Wake, 1986; Jackman et al., 1997) . The basal split in Batrachoseps is between the subgenus (sg) Plethopsis, a small clade containing two described species, and the subgenus Batrachoseps. Monophyly of the two subgenera is well supported by molecular data (Jackman et al., 1997; Parra-Olea, 1999) . Plethopsis is characterized by plesiomorphic osteology, while monophyly of sg Batrachoseps is supported by three morphological synapomorphies: fusion of the premaxillae in adults, loss of prefrontal bones and reduction or loss of the preorbital processes of the vomer (Wake, 1989; Jackman et al., 1997) .
The relatively large and robust species of Plethopsis are morphologically well differentiated from each other. They are also well separated geographically and ecologically, with B. wrighti in the Cascade Range of Oregon and B. campi in the Inyo Mountains of southeastern California. An undescribed species of Plethopsis occurs in the Kern Plateau region and Scodie Mountains at the southern end of the Sierra Nevada, California ( Fig. 1; D . B. Wake, K. P. Yanev & R. W. Hansen, unpubl.) . Although relationships among these three species have not been resolved, their morphological and biochemical distinctiveness makes species boundaries clear, and the taxonomic status of members of this group is not controversial.
Most members of sg Batrachoseps, the attenuate clade, are specialized for a fossorial or semifossorial existence, and share a highly attenuate morphology with elongated body and tail and reduced limbs (Hendrickson, 1954; Jockusch, 1997) . Many of the species are confusingly similar in morphology and some can be identified only by molecular characters. However, there are also species that stand out morphologically. For instance, B. pacificus and B. stebbinsi are larger than, and nearly as robust as, members of sg Plethopsis (Marlow et al., 1979) . Species in the attenuate clade are distributed in a mainly parapatric pattern, along both the Pacific Coast and the Sierra Nevada of California, with taxa extending from southcoastal Oregon into north-western Baja California, where Batrachoseps occurs along the coast, on offshore islands, and in the Sierra San Pedro Mártir. Of the 16 described species, eight have restricted distributions ( Fig. 1) : B. simatus in the Kern River Canyon at the southern end of the Sierra Nevada (Brame & Murray, 1968) ; B. stebbinsi in the Tehachapi Mountains (Brame & Murray, 1968) ; B. gabrieli in the eastern San Gabriel and western San Bernardino Mountains (Wake, 1996) ; B. minor and B. incognitus both primarily at higher elevations in the central Coast Ranges (Jockusch et al., 2001) ; B. pacificus on the northern Channel Islands (Wake & Jockusch, 2000) ; and B. kawia and B. regius in eponymic river drainages in the Sierra Nevada . Eight attenuate species are more broadly distributed ( Fig. 1) (Yanev, 1980; Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) . Yanev (1978 Yanev ( , 1980 conducted the only previous comprehensive molecular study of relationships within the genus, surveying 19 allozyme loci in >100 populations from throughout the range. The deepest divergence in allozymes, as well as in mtDNA and morphology (Jackman et al., 1997) , is between sg Plethopsis and sg Batrachoseps. Within sg Batrachoseps, attenuatus, nigriventris and pacificus groups were recognized by Yanev (1978 Yanev ( , 1980 ) (see Fig. 2 ). Each group contained some populations of the widespread attenuate form that were formerly assigned to B. attenuatus, and this lack of correspondence with morphologically identified groups led to substantial taxonomic revision Yanev (1978 Yanev ( , 1980 ) (see Table 1 ). Yanev Brame & Murray (1968) latter of which have since been described as B. gregarius . Batrachoseps stebbinsi and B. simatus, which were first described by Brame & Murray (1968) on the basis of distinctive morphologies, were hypothesized to be sister taxa (Fig. 2 ). Yanev's pacificus group contained six highly differentiated units, which she called 'semispecies', in three geographical regions: the coast and islands of southern California, extending along the coast and Sierra San Pedro Mártir of Baja California, the central Coast Ranges, and the southern Sierra Nevada. Yanev (1978 Yanev ( , 1980 treated her pacificus group taxa as subspecies (some unnamed) of a highly polytypic B. pacificus, but most of these have been elevated subsequently to full species, and two have been split into multiple species (Table 1; Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) . (Nei, 1972) summarizing allozyme divergence among lineages of Batrachoseps (Yanev, 1978 (Yanev, , 1980 unpublished) .
This survey of sequence variation in a mitochondrial gene, cytochrome b, was undertaken in order to further resolve the evolutionary history of Batrachoseps. Many lineages that were not available for Yanev's comprehensive survey have since become available for molecular study, including the recently discovered B. gabrieli (Wake, 1996) , an undescribed species (sg Plethopsis) from the Kern Plateau (D. B. Wake, K. P. Yanev & R. W. Hansen, unpubl.) , and several morphologically differentiated forms from the Kern River Canyon, a region already known to harbour at least two species (Brame & Murray, 1968) . We found that the identification of major clades of Batrachoseps and deep level phylogeny was generally concordant between the allozyme and mtDNA data sets, but that there are many discrepancies within species groups (e.g. Jockusch et al., 1998; Wake & Jockusch, 2000) . We propose an evolutionary scenario involving initial range expansion, followed by range fragmentation, divergence in allopatry, secondary contact, and gradual merging of units through male-mediated gene flow to explain these discrepancies. Data presented in this paper provide a robust hypothesis of the mtDNA phylogeny of Batrachoseps and illustrate the importance of examining multiple markers to determine species borders and infer evolutionary history.
MATERIAL AND METHODS

TAXON SAMPLING
DNA of the mitochondrial gene cytochrome b was sequenced from 278 individuals. Of these, 132 individuals from 120 localities with 114 different haplotypes were included in the main phylogenetic analyses (Table 2 ; voucher specimens are listed in Appendix 1). Taxon sampling was designed to be comprehensive, both at and below the species level. Although not a panacea (e.g. Poe & Swofford, 1999) , denser taxon sampling has been shown to improve the accuracy of both phylogenetic inference (e.g. Graybeal, 1998; Hillis, 1998) and of substitution model parameter estimation (Sullivan et al., 1999; Pollock & Bruno, 2000) . Dense taxon sampling may be especially important when characters are rapidly evolving (Hillis, 1996) , as are third codon positions in cytochrome b. Multiple representatives were included from almost all groups that had been identified previously based on morphological or molecular data. For widespread groups, individuals were sampled from throughout their range, including the geographical extremes. Additionally, individuals from the vicinity of the type locality of all taxa previously described except B. caudatus (see , B. relictus, and B. leucopus were included to aid in taxonomic revision. Batrachoseps relictus has not been seen in the vicinity of its type locality in the lower Kern River Canyon since 1971, and no frozen tissue was available. The nearest extant population to the type locality is across the Kern River in the Greenhorn Mountains, Kern Co. (throughout the paper, all localities are in California, USA, unless otherwise specified) and two individuals from there were used. No material was available from the Coronados Islands, Baja California Norte, Mexico, the type locality of B. leucopus (currently a synonym of B. major), but individuals from southern San Diego Co., referred to B. leucopus by Dunn (1922) , were included. No tissue was available for Batrachoseps from the Sierra San Pedro Mártir, Baja California Norte, Mexico, a population that Yanev (1978 Yanev ( , 1980 treated as an undescribed subspecies in the pacificus complex. A subsequent allozyme survey placed it within B. major (Wake & Jockusch, 2000) . As a result of preliminary analyses, sampling in several regions was expanded to localize geographical breaks in mtDNA lineages. Multiple individuals from 32 populations of Batrachoseps were sequenced to measure levels of intrapopulational variation and to test whether single individuals adequately represented each population for the purpose of phylogeny reconstruction.
DNA PREPARATION, AMPLIFICATION, AND SEQUENCING DNA was extracted from frozen tissue or from tissue preserved in Clark's solution using NaCl (Miller et al., 1988) or Chelex (following the procedure of Moritz et al., 1992) . Up to 784 base pairs of cytochrome b were amplified either as a single fragment using the primers MVZ 15 and MVZ 16 (Moritz et al., 1992) or as two overlapping fragments using primer pairs MVZ 15 to cytb2 (Kocher et al., 1989) and MVZ 25 (Moritz et al., 1992) to MVZ 16. Cytochrome b was selected for this analysis because its rapid evolutionary rate, especially at third codon positions, makes it generally useful for estimating relatively recent divergences (Brown et al., 1979) and because its value in resolving the deepest relationships within Batrachoseps had already been demonstrated (Jackman et al., 1997) . PCR was done under standard conditions, and the resulting products were cleaned and sequenced either using DNA Sequenase Kit version 2.0 (US Biochemical) and 35 S radiolabelled nucleotides, or the ABI Prism Dye-terminator cycle sequencing ready reaction kit (Perkin Elmer). Radiolabelled fragments were separated on a 6.0% polyacrylamide gel and scored manually. Dye-labelled fragments were separated on an ABI 377, and computer scored sequences were compared and edited using the program Sequence Navigator (Applied Biosystems). All sequences were aligned by eye prior to phylogenetic analysis. Identical haplotypes were merged into a single haplotype using the search and merge function in MacClade 3.0 (Maddison & Maddison, 1992) with the option to merge taxa as long as resolution of missing or ambiguous character states could make the haplotypes identical. Base composition, stationarity of base composition, pairwise divergences and number of variable and informative sites were calculated in PAUP*4.0b6(Altivec) (Swofford, 2001) . We used the Kimura-2 parameter (K2P; Kimura, 1980) distance as an index of divergence because it is widely reported for salamander data. Because monophyly of each of the subgenera is well established (Jackman et al., 1997; Parra-Olea, 1999) , they were used as reciprocal outgroups in all analyses, with Plethopsis formally specified as a monophyletic outgroup to root the trees. Extensive analysis of the 233-haplotype data set was impractical because of the computer time required. Therefore, a preliminary analysis used neighbourjoining with K2P distances to identify clades of closely related haplotypes. A pruned data set was constructed that contained a single representative of each clade in which all members differed by <1.5%. This level was chosen because it reduced the data set to a size at which all major methods of phylogenetic analysis could be used, and also because it corresponds to a level below which multiple hits are not expected (Templeton et al., 1992) . Within these shallowly diverged clades, the haplotype for which the data were most complete was selected to represent the clade.
DIVERSIFICATION OF SLENDER SALAMANDERS 365
Multiple methods of phylogenetic inference were used in analyses of the pruned data set because each method is known to fail under some evolutionarily plausible conditions (Swofford et al., 1996) . Because each method fails under different conditions, more confidence can be placed in clades found in multiple methods of analysis, a result supported by simulations (Kim, 1993) . Accordingly, maximum parsimony (MP; Hennig, 1966) , maximum likelihood (ML; Felsenstein, 1981) and weighted least squares (LS; Fitch & Margoliash, 1967) methods were used to infer the phylogeny of slender salamanders. All analyses were conducted in PAUP*4.0b6 or b8 (Swofford, 2001) .
The most parsimonious trees were sought using two weighting schemes. In one, all characters and character state transitions were weighted equally; in the other, all second codon position changes and first codon position transversions were weighted 10 fold relative to third codon position transitions, while first codon position transitions and third codon position transversions were weighted five fold relative to third codon position transitions. Rate classes were determined empirically by examining the degree of saturation within each codon position and type of change, and categories showing the highest rates of change were given the lowest weights. These weights are relatively high and thus indicate which nodes are most robust to changes in weighting scheme. Because initial parsimony searches spent long periods of time in large islands of non-parsimonious trees, subsequent searches were constrained to save a maximum of two trees per replicate (PAUP commands: nchuck = 2, chucklen = 1). All searches were heuristic. Starting trees were obtained by random addition (100 replicates for each weighting scheme) and subjected to TBR branch swapping. The minimal length trees found in each search were then used as the starting trees for a heuristic search with TBR branch swapping, with no constraint on the number of trees saved, and the strict consensus of all most parsimonious trees was calculated.
For maximum likelihood analysis, one of the trees resulting from the equally weighted MP analysis was used to compare models of sequence evolution using the program Modeltest vs. 3.04 (Posada & Crandall, 1998) , and the preferred model was used in a single round of ML analysis using neighbour-joining to obtain the starting tree and TBR branch swapping. To reduce computation time, parameters were estimated on the Modeltest tree and fixed in the ML analysis.
Because changes in base composition can result in inaccurate phylogenetic inference under most methods, we used the weighted least squares (LS) method with LogDet distances, which are relatively insensitive to variation in base composition (Swofford et al., 1996) . Starting trees were obtained by neighbour-joining and by 100 replicates of random addition, then subjected to TBR branch swapping. Negative branch lengths were prohibited, as recommended by Swofford et al. (1996) . Analyses were done both assuming that all sites evolved at the same rate and by setting Pinvar = 0.4707 (the maximum likelihood estimate calculated under the HKY + I model on one of the trees obtained in the ML search; this is essentially identical to the ML estimate calculated under the GTR + I model) with additional PAUP commands: RemoveFreq = Proportional and EstFreq = Constant.
Support for nodes was estimated using bootstrapping (Felsenstein, 1985) for both the MP and LS analyses. One thousand (equal-weights MP) or 100 (weighted MP, LS) bootstrap pseudoreplicates were analysed using a heuristic search strategy. Starting trees were obtained by random addition (MP) or neighbour-joining (LS), then subjected to TBR branch swapping. Ten (equal-weights MP) or three (weighted MP) random addition replicates were done per bootstrap pseudoreplicate. A maximum of 100 trees (equalweights MP) or 25 trees (weighted MP) was saved in each random addition replicate to reduce search times. The reduction in search effort relative to the initial searches is not expected to bias the bootstrap values of nodes that are well supported (DeBry & Olmstead, 2000) . For LS analyses, use of starting trees obtained by random addition found the same best tree as did use of the starting tree obtained by neighbourjoining, so the latter was used because it requires less search time. No limit was placed on the number of trees saved in LS analyses. Support for nodes in parsimony trees was also estimated using the decay index (Bremer, 1988) . Decay indices were calculated for all nodes in the strict consensus of most parsimonious trees found under each weighting scheme using constrained searches to find the shortest tree not compatible with each node of interest (heuristic searches, starting tree determined by random addition with 100 random addition replicates per constraint tree, TBR branch swapping, nchuck = 2, chucklen = 1). The constraint trees and file of PAUP commands were produced automatically in MacClade 4.0 (Maddison & Maddison, 2001) .
Support for nodes in the ML tree was estimated using Bayesian analysis as implemented in MrBayes (Huelsenbeck & Ronquist, 2001) . The model matched the model used in the ML analysis, and all prior probabilities were set to their default (uniform or dirichlet) distributions. Eight runs were initiated from random starting trees, and allowed to proceed for between 236000 and 415250 generations. Trees were sampled every 10 generations. The first 5000 trees from each run were discarded, and posterior probabilities were calculated as the frequency of each clade in the remaining 215600 trees.
RESULTS
MOLECULAR EVOLUTION
The cytochrome b sequences showed numerous features typical of vertebrate cytochrome b. No insertions or deletions were observed, and there was substantial base composition bias, particularly against guanines in the third codon position (Table 3) done on all data. However, when the test is done on data from each codon position separately, stationarity of base frequencies at third codon positions is rejected (c 2 = 470.6, d.f. = 339, P < 0.00001). This difference can be attributed to differences between the subgenera, as P-values are > 0.9 when the test is done on each subgenus individually. The frequency of C and G at third codon positions is substantially higher in sg Plethopsis (32.1% C, 9.1% G) than in sg Batrachoseps (26.3% C, 3.7% G).
Change at third codon positions was most extensive, with variation occurring at 98% of third codon positions, but at only 35% of first codon positions and 10% of second codon positions (Table 3 ). In addition, almost all variation at third codon positions was phylogenetically informative (96% of variable sites), but substantially less variation at first and second codon position sites was phylogenetically informative (74% and 44%, respectively), indicating that many of the non-silent changes are concentrated at the very tips of the tree. The high level of change at third positions did not result only from inclusion of a divergent outgroup, as 96% of third position sites are variable within sg Batrachoseps (Table 3) .
HAPLOTYPE DISTRIBUTIONS AND PRUNING OF THE DATA SET
We identified 233 unique haplotypes from the 278 individuals sampled. Eighteen haplotypes occurred at two or more localities. Generally, these localities were geographically close (<25 km), but in five cases, identical haplotypes were more widely separated. Multiple putatively conspecific individuals (84 total, 2-10 per locality) were sampled from 32 localities. In general, differentiation within localities was extremely limited; these 84 individuals had only 57 different haplotypes, and in almost all cases, haplotypes from a single locality differed by at most a few mutational steps. At four localities (B. attenuatus from locality 24, B. major from locality 102, and two localities not included in the pruned data set), differentiation was sufficiently great (K2P of 2.2-2.9%) to place haplotypes in different, albeit closely related, terminal clades. At two localities (64 and 101), haplotypes displayed substantial differentiation (7.9-8.1%), and belonged to different geographically contiguous clades. Only one of the haplotypes from locality 64 was included in the extensive phylogenetic analysis; the other belongs to the shallowly differentiated clade represented by locality 66. These data suggest that sampling a single individual per species per locality is generally sufficient, except in areas where clade borders overlap.
Analyses were conducted on a pruned data set generated by keeping single representatives of clades in which all haplotypes were very similar. The 119 removed haplotypes fell into 57 clades (2-10 individuals each, average = 3.1) with maximum differentiation of 1.5% identified in a neighbour-joining tree of K2P distances. For three of these clades, bootstrap support was <50% (because of the presence of other very similar haplotypes that were not included in the clade). The average bootstrap support for the 54 clades in which it exceeded 50% was 89%. Two haplotypes were restored because they represented biogeographically or taxonomically interesting groups: B. major from Catalina Island (locality 97), the type locality of B. catalinae, which is currently treated as a subjective junior synonym of B. major (Wake & Jockusch, 2000) , and B. relictus from the Kern Plateau (118), the only individual of this species known from that geographical region. Two additional haplotypes were excluded even though their initial phylogenetic position was not fully resolved because they were within 1.5% of included haplotypes, resulting in a total of 114 haplotypes representing 132 individuals that were used in the more extensive analyses. The included sequences were on average 90% complete.
Although the direct comparison between the 2-state HKY + I + G and the 6-state GTR + I + G models of sequence evolution was significant, the addition of only one more parameter did not significantly improve the model fit. Thus, Modeltest (Posada & Crandall, 1998) selected the HKY + I +G as the preferred model for ML analyses, with the following parameters estimated on the test tree and fixed in the subsequent analysis (given in PAUP command language): Base = (0.3740 0.2308 0.1096); Nst = 2; Tratio = 7.4747; Rates = gamma; Shape = 1.0111; Pinvar = 0.4767.
IDENTIFICATION OF AND RELATIONSHIPS AMONG AND WITHIN MAJOR LINEAGEs
All analyses, with one exception (see below), concordantly identify six major clades within the genus Batrachoseps, all of which had high support ( Fig. 3 Table 2 . A. Single most likely tree (ln likelihood = -11831.19) found in likelihood analysis under HKY + I + G model with parameters as described in the text. Numbers on branches or adjacent to nodes are posterior probabilities that were ≥0.50. B. Strict consensus of 352 trees of length 2340 (all characters included) identified in maximum parsimony analyses using equal weights. These trees have a consistency index of 0.245 and a retention index of 0.760. Numbers above branches are bootstrap values > 50%, and numbers below branches are decay indices. C. Major lineages found in weighted MP analysis, based on strict consensus of 864 trees found initially and additional MP trees found in decay index searches; these trees are of length 5632 with a consistency index of 0.335 and a retention index of 0.820. Numbers before slash are bootstrap values > 50%, and numbers after slash are decay indices. D. Single best tree (length = 57.519) found in least squares analysis using LogDet distances and including rate variation. The single best tree (length 34.105) found without rate variation is identical to this one except in the branches marked with an asterisk (*). Numbers to the left and right of the slash are bootstrap support from analyses with and without rate variation, respectively. Only bootstrap values >50% are shown.
analyses, the pacificus group is not monophyletic. Instead, B. gavilanensis appears as the sister to B. gabrieli, although the two are connected by an extremely short internode. Monophyly of the pacificus group is found using identical methods of LS analysis when all 233 haplotypes are included.
All methods of analysis also concordantly identify the deepest branching patterns. The basal split can be placed between sg Plethopsis (our outgroup) and sg Batrachoseps in all analyses, as expected based on previous results (e.g. Jockusch, 1996; Jackman et al., 1997) . Within sg Batrachoseps, the basal split is always between B. attenuatus and the remainder of the subgenus, with moderate to high (57-87%/0.84) support. The gabrieli and pacificus groups also form a clade in all analyses (51-86%/0.90 support). The relationship between the nigriventris, relictus and pacificus + gabrieli clades is less well resolved. All three possible resolutions are found, and support for the favoured resolution is always low (Fig. 3) . On average, the subgenera are 25.4% diverged, while the range of average divergences between major clades within the subgenus Batrachoseps is from 14.0% (between the pacificus and gabrieli groups) to 19.2% (between the attenuatus and relictus groups). Numerous well supported clades with substantial geographical structuring occur within each of the major groups; these are discussed by group below.
The subgenus Plethopsis
Of the 11 haplotypes identified in sg Plethopsis, eight were retained in the comprehensive analyses. The levels of divergence among species (average K2P of 11.4-11.8%) are similar to the deepest levels of divergence found within some of the major clades in sg Batrachoseps, and monophyly of each of the three species receives high support (89-100%/0.94-0.99; Fig. 3 ). The maximum divergences detected within species of sg Plethopsis are generally low in comparison to those found in the sister group (1.8% in B. wrighti, 4.2% in B. campi and 3.7% in the Kern Plateau species). Although sampling was less dense than in sg Batrachoseps, these lower divergences are probably not artifacts of inadequate sampling, at least in B. campi and the Kern Plateau species, where the most geographically and allozymically divergent populations were included. Relationships among the three species of Plethopsis are not concordantly resolved, with equal-weights MP favouring a sister group relationship between the Kern Plateau species and B. wrighti (65% support), but other methods favouring a sister group relationship between B. campi and the Kern Plateau species (53-67%/0.90 support; Fig. 3 ). These last two species, separated from each other by the dry Owens Valley, are the only Batrachoseps to occur east of the crest of the Sierra Nevada.
The attenuatus group
The attenuatus group contains 51 haplotypes in the complete data set, of which 25 remained after pruning. All analyses identify three major lineages within B. attenuatus (Figs 3,4A): a southern clade (72-100%/ 0.82 support, maximum divergence 7.1%), extending from the northern edge of Monterey Bay to Marin Co., north of San Francisco Bay (localities 18, 19, 24 and 26-33); a northern clade (94-100%/1.00 support, maximum divergence 6.0%), extending from Sonoma Co. to Oregon (localities 10, 12-15 and 17); and an eastern clade (83-94%/0.93 support, maximum divergence 4.4%), found in the foothills of the Sierra Nevada and from Tehama County to east of San Francisco Bay along the eastern borders of the Coast Ranges (localities 11, 20-23 and 25). One haplotype, from Bodega Bay (locality 16) on the Pacific Coast in Sonoma Co., was not consistently placed into any of these clades; it may be the sister lineage to all other attenuatus (weighted MP), to the northern clade (equal-weights MP, ML), or to the eastern clade (LS). The southern clade differs by an average of 9.6% from the northern clade and 8.1% from the eastern clade. The northern and eastern clades differ from each other by an average of 7.6%. The northern and eastern clades together with the Bodega Bay haplotype form a monophyletic group in all analyses except weighted MP, although this relationship is not strongly supported (59-65%/0.84). Substantial phylogeographic structure is found within each of these groups, and many of the lower level relationships are strongly supported (Fig. 3) . Batrachoseps attenuatus appears to be continuously distributed throughout Marin and Sonoma counties, the region in which all three clades have been found (e.g. localities 14-20 and 24; Fig. 4A ).
In general, the 1.5% rule eliminated only haplotypes from the geographical vicinity of the retained haplotype, but there were two significant exceptions. The Sierran populations of B. attenuatus are relatively undifferentiated (maximum divergence of 1.1% across ª 150 km) and the included individual (23) (91-100%/1.00) sister group, which contains all other members of the northern clade.
The nigriventris group
The nigriventris group contains all representatives of the named species B. nigriventris, B. gregarius, B.
simatus, and B. stebbinsi, as well as mtDNA lineages representing undescribed taxa in the Kern River Canyon region. Of the 51 haplotypes assignable to the nigriventris group, 32 were sufficiently differentiated to be included in the pruned data set. Grouping these haplotypes into the largest clades that were consistently identified and well supported across analyses resulted in the identification of 10 lineages (Figs 3,4B) Of the four named species in the nigriventris group, only the monophyly of B. simatus was consistently supported by the cytochrome b data (Fig. 3) . Monophyly of B. stebbinsi was found only in the LS and equal-weights MP analyses. The two sampled populations, which differ by 5.7%, are morphologically similar and distinguished from most other members of the nigriventris group by their robust morphology. In weighted MP and ML, the southern stebbinsi haplotype was the sister group to B. gregarius + Johnsondale + Fairview, while the position of the northern stebbinsi haplotype varied. Batrachoseps gregarius and B. nigriventris each contain two well supported clades of mtDNA haplotypes. The two gregarius lineages differ by an average of 8.1% and the two nigriventris lineages by an average of 8.2%. Monophyly of the two gregarius lineages is never recovered. A monophyletic B. nigriventris was included among the best trees only in the weighted MP analysis. It is noteworthy that the southern B. nigriventris clade contains the Santa Cruz Island population (locality 43), which differs by an average of 3.8% from mainland representatives of this clade. Populations of northern B. nigriventris occur on the mainland immediately to the north (6.1% divergence between 41 and 43), while southern B. nigriventris occupies the mainland to the east of Santa Cruz Island (Fig. 4B) .
The differentiation detected within the Kern River Canyon, at the southern end of the Sierra Nevada, is particularly striking. Habitat for salamanders in this region is restricted to more mesic spots along the sides of the generally arid canyon, and four distinct lineages in the nigriventris group occur along the ª 100 km of river where salamanders have been found (Figs 3 and 4B). Minimum average sequence divergence among these four lineages is 5.0% between the geographically close Johnsondale and Fairview lineages; maximum average divergence is 8.1% between the Upper Kern and Johnsondale lineages. The Fairview lineage was previously suggested to differ from B. simatus based on morphology (Brame & Murray, 1968 ; average sequence divergence 6.7%), and the Johnsondale lineage was unknown prior to this study, but is also morphologically differentiated (somewhat larger and more robust than the Fairview animals). The four Kern Canyon lineages never form a monophyletic group, although pairs of these lineages cluster in some analyses (Fig. 3) . The Johnsondale and Fairview lineages approach each other within a few hundred meters and are monophyletic in ML analyses (posterior probability of 0.75), but otherwise paraphyletic with respect to one (LS) or both (MP) lineages of B. gregarius. Lower (B. simatus) and Upper Kern populations form a monophyletic group (average divergence 6.6%) in analyses using equal-weights MP, ML (posterior probability of 0.98), and LS with rate variation. Representatives of the Upper Kern and Fairview lineages (average divergence 7.2%) were found in sympatry at locality 64. Surprisingly, the B. simatus (Lower Kern) clade (86-100%/1.00 support) contains mtDNA haplotypes from two populations that are morphologically distinct and had never been placed in B. simatus. A population from Breckenridge Mountain (locality 60), high above the canyon (c. 1500 m) but geographically close (<15 km), differs dramatically from B. simatus in morphology and osteology as well as in allozymes (D.
Wake, personal observation), yet it is nested within B. simatus, which renders its taxonomic status uncertain. The Cottonwood Creek population (locality 58) occurs outside of the mouth of the Kern Canyon, on the floor of the San Joaquin Valley, which has a dramatically different climate (much hotter and drier in summer) than in the deep and shaded canyon. Members of this population are slender and attenuate relative to individuals from inside the canyon, and were thought previously to be assignable to B. gregarius.
The relictus group
The relictus group includes four named species from the Sierra Nevada: B. diabolicus, B. relictus, B. regius and B. kawia; monophyly of each of the three represented by multiple haplotypes is well supported (80-100%/0.98-1.00 support; Fig. 3 ). Until their description as species , all of these were included within one of the 'semispecies' of B. pacificus, but the group is clearly distinct from the pacificus group. Of the 14 haplotypes sampled, 11 were retained in the pruned data set. Relationships among the four taxa are concordantly resolved in all analyses. The basal split is between B. diabolicus and the other taxa (59-87%/0.97 support for monophyly of the latter), with an average divergence of 13.0%, the deepest observed within any major clade. Batrachoseps kawia and B. relictus, which differ by an average of 8.4%, form a clade (82-100%/0.98) to which B. regius is sister (average divergence is 11.6%). Although B. regius has a small range, it nonetheless includes two divergent (7.2%) haplotypes, one from the type locality (115) in the Kings River drainage and one from a newly discovered population (116) in the Kaweah River drainage in Sequoia National Park. Differentiation within B. relictus is low (maximum divergence 2.2%); the single known individual of this species from the Kern Plateau (locality 120, on the east side of the Kern River) was only 1.2-2.2% diverged from individuals from the Greenhorn Mountains (localities 118-119, on the west side of the river), and may be nested within them (Fig. 3) . Within B. diabolicus, differentiation is extensive. The basal split (average divergence 9.6%) separates a haplotype clade (localities 112-113; 100%/1.00 support) confined to Calaveras Co. from a clade (99-100%/1.00 support) that ranges from the Merced River, Mariposa Co., north through Calaveras Co. to the American River, Placer Co. (localities 108-111 and 114; Fig. 4C ). Differentiation in the first clade of B. diabolicus is limited (1.6% maximum). Differentiation in the second clade reaches 4.8%; this clade has a widespread haplotype (locatlities 109-111) in the northern part of its range (Fig. 4C ), indicating that it may have undergone a recent range expansion.
The pacificus group
The pacificus group was the most intensively sampled with 99 haplotypes obtained from 126 individuals representing 96 populations; 36 haplotypes were included in the pruned data set. Of the five major clades, the pacificus group had the weakest support for monophyly (<50-80%/0.90), and in the LS analyses, it was rendered paraphyletic with respect to the gabrieli group (bootstrap support <50% for the B. gabrieli-B. gavilanensis clade; Fig. 3D ). The pacificus group contains six lineages, four of which correspond to recently described species from the central Coast Ranges (Jockusch et al., 2001 ; Fig. 4D) : B. gavilanensis (maximum divergence 7.8%; 97-100%/0.96 support), B. luciae (maximum divergence 7.3%; 84-100%/1.00 support), B. incognitus (maximum divergence 2.0%; 99-100%/1.00 support) and B. minor (only one specimen examined). The other two lineages are restricted to southern California (Fig. 4D) . One of these clades corresponds to the 'northern major' of Wake & Jockusch (2000) (maximum divergence 5.1%; 90-94%/0.88 support except in weighted MP, <50% support). This clade is geographically cohesive and includes northern and western populations of B. m. major. These populations range from the southern slopes of the Santa Monica, San Gabriel and San Bernardino mountains into San Diego Co., extending almost to the Mexican border very near the coast (localities 92-102). The sixth pacificus group lineage, which we refer to as clade 6 (8.2% maximum sequence divergence; <50-84%/0.98 support), contains populations from areas peripheral to but bordering on the range of northern major. The most widespread of the units within clade 6 is what Wake & Jockusch (2000) called 'southern major' (B. m. major from central and southern inland San Diego Co., and approaching the coast near the city of San Diego, localities 101, 103-104). Clade 6 also includes B. m. major from Mexico (locality 105), B. m. aridus (locality 96) and B. pacificus (localities 88-90).
Different phylogenetic analyses are largely concordant in their depiction of relationships among the six lineages of the pacificus group (Fig. 3) . Northern major always forms a clade with B. minor and B. incognitus (5.7-9.7% sequence divergence; 71-96%/0.98 support), although relationships among these three taxa are unresolved. Batrachoseps minor is sister either to its geographical neighbour B. incognitus or to B. major. These three lineages cluster with clade 6 (9.0% average sequence divergence; 63-82%/0.95 support for the larger clade) in all analyses except weighted MP, in which it is equally parsimonious for them to cluster instead with B. luciae. The pacificus group, exclusive of B. gavilanensis also forms a relatively well supported (60-90%/0.88) clade in all analyses except equal-weights MP, in which B. luciae and B. gavila-
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nensis cluster (<50% support). On average, B. gavilanensis and the remaining taxa are 12.3% diverged. Phylogeography and differentiation of the central coastal populations were discussed in detail by Jockusch et al. (2001) , and are not addressed here.
Clade 6 contains populations that are well differentiated from one another morphologically and are geographically widely separated ( Fig. 4D ; see also Wake & Jockusch, 2000) . Batrachoseps m. aridus is a morphologically and ecologically distinctive form that is allopatric with respect to other Batrachoseps and is reported only from two desert canyons on the eastern edge of the range of northern major. Batrachoseps pacificus is restricted to the northern Channel Islands, at the western edge of the range of northern major. Southern major occurs to the south and inland of northern major, but is morphologically very similar to it. Batrachoseps m. major from the Todos Santos Islands (population 105), off the north-west coast of Baja California, Mexico, also belongs to clade 6. In clade 6, B. pacificus was always sister to a clade containing southern B. m. major from San Diego Co. (average divergence 6.1%) and the population from Todos Santos Island (average divergence 5.9%). These latter two (which do not differ much in morphology) differ by an average of 5.3%. The placement of B. m. aridus varied; it is sister to the Todos Santos major in MP and ML analyses, but basal in the clade in LS analyses. Divergence of B. m. aridus to southern major averages 7.5%, and to pacificus it averages 7.3%. Relationships in clade 6 generally received <70% bootstrap support, but some posterior probabilities are high (Fig. 3) .
The non-monophyly of B. major mtDNA haplotypes led us to sample extensively within its range. We identified 46 northern major haplotypes, of which 12 (11 selected by the 1.5% rule, plus the Catalina Island sample) were included in phylogenetic analyses. Many of the internal branches in northern major are very short, and the inferred relationships among included haplotypes differed in different methods of analysis (Fig. 3) . In all treatments, the Catalina Island (locality 97) haplotype is sister to a haplotype from the city of Los Angeles (locality 91; 100%/1.00 support), from which it differed by <1.0% (see also Wake & Jockusch, 2000) . Fifteen Mexican and southern major haplotypes were found, of which four were included in the phylogenetic analyses. Haplotypes belonging to northern and southern major lineages, which differ by an average of 9.0%, were found in sympatry in northern San Diego County (at locality 101), and in near sympatry in the city of San Diego (not included in full analysis).
The gabrieli group
Seven B. gabrieli haplotypes were identified. These fell into two shallowly diverged (<1.5%) clades, which differed from each other by an average of 5.2%. Monophyly of the two B. gabrieli haplotypes included in extensive analyses was always strongly supported (100%/1.00). In analyses including all seven haplotypes, specimens from the type locality in the San Gabriel Mountains of southern California cluster with a haplotype from ª 1 km away (locality 106). The other clade is more broadly distributed to the east, and it ranges from the southern slopes of Mt. Baldy in the eastern San Gabriel Mountains to the southern slopes of the western San Bernardino Mountains (locality 107).
DISCUSSION
Strong phylogeographic structuring and extensive differentiation of cytochrome b are found in Batrachoseps. The mtDNA and allozyme data concordantly identify the subgenera Plethopsis and Batrachoseps as sister taxa (Yanev, 1978 (Yanev, , 1980 Jackman et al., 1997) , and these data are consistent with morphological analyses (Wake, 1989; Jackman et al., 1997) . The contrast in diversity of the two main clades is notable; sg Plethopsis contains only three species (two described) while sg Batrachoseps contains 16 described species and several undescribed species. Furthermore, the deepest genetic divisions in sg Plethopsis are substantially lower than those in sg Batrachoseps. Despite this, the California species of sg Plethopsis contrast greatly with B. (Plethopsis) wrighti in both morphology and ecology. The California species have a more robust, generalized morphology and are found in arid to desertic habitats, while B. wrighti is largely restricted to wet, heavily forested areas of the northern Cascade Mountains of Oregon. The California species of Plethopsis also differ in morphology and ecology. Within sg Batrachoseps, five major mtDNA clades are identified, whereas the allozyme study recognized only three major groups (Yanev, 1978 (Yanev, , 1980 . Boundaries of the attenuatus and nigriventris groups are identical in the two data sets, and in both, B. attenuatus is inferred to be sister to the rest of the subgenus. The third allozymically identified group, Yanev's (1980) B. pacificus superspecies, is divided at its basal node into the pacificus and relictus groups in the mtDNA trees. The mtDNA trees do not support the clustering of the relictus and pacificus groups to the exclusion of the nigriventris group. The fifth mtDNA clade resulted from the discovery of B. gabrieli (Wake, 1996) , which mtDNA data identify as sister to the pacificus group.
Sequential outgroups for the genus Batrachoseps are the supergenus Bolitoglossa and the supergenus Hydromantes (Jackman et al., 1997) . The cladogenetic events separating these taxa are ancient (possibly as early as the late Mesozoic) and the morphological divergence is substantial, making reconstruction of ancestral traits for Batrachoseps difficult. Within the genus as a whole, derived osteological traits are found only in sg Batrachoseps (Jackman et al., 1997) . The undescribed species of Plethopsis resembles generalized members of the genera Pseudoeurycea (supergenus Bolitoglossa) and Hydromantes in general morphology; it has a robust habitus with a broad head and short tail. Perhaps such a morphology is ancestral for Batrachoseps. However, the presence of only four toes on the hind feet is a character that is unexpected in lineages that have always been robust, as elsewhere in plethodontids, and more generally in salamanders, a reduction in the number of digits is associated with short limbs and elongate bodies. Whatever the ancestral form, homoplasy of morphology is certain to have occurred within the genus because of the relatively slender habitus of B. wrighti (within Plethopsis, otherwise robust) and the relatively robust habitus of B. pacificus and B. stebbinsi (within sg Batrachoseps, otherwise attenuate).
A striking feature of the mtDNA data is the large number of contact zones identified or inferred between members of the same major clade. Some of these mtDNA contact zones occur in areas that are relatively uniform with respect to allozyme differentiation. This shows that significant discordance exists with respect to population relationships depicted in trees based on the mtDNA and allozyme data (compare Figs 2 and 3; see below and also Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) . Discordance between mtDNA, which is transmitted exclusively by females, and allozymes, which are encoded by biparentally transmitted markers, can result from incorrect phylogeny inference or from a variety of biological and genealogical processes, including differential lineage sorting, introgression of mtDNA and male-mediated gene flow (Maddison, 1997) . Examples of all of these have been well documented in natural populations. Batrachoseps stands out for the number of lineages that appear to be affected. Widespread discrepancies between population relationships inferred using the two data sets indicate that some conserved feature(s) of the biology of Batrachoseps probably contributes to this pattern. We suggest that the discordance results from a combination of three factors: (i) low vagility causing a general tendency towards genetic fragmentation; (ii) greater philopatry in females than in males, resulting in gene flow being predominantly male-mediated; and (iii) very slow divergence in mate recognition systems.
These three factors can be integrated with biogeographic information to suggest a general scenario for diversification in salamanders. Allopatric divergence is the rule in salamanders (e.g. Good & Wake, 1992; Highton, 1999; Highton & Peabody, 2000) , and genetic fragmentation probably begins as soon as a species disperses over a substantial geographical range, especially in areas such as California, which has been subjected to dramatic changes in climate and topography over the tens of millions of years that Batrachoseps has been evolving. As species fragment, mtDNA differences between geographically separated units accumulate rapidly because of the high rate of evolution of mtDNA and the greater philopatry and hence isolation of females. Because of the dynamic landscape and cyclical climatic changes (notably major shifts in precipitation), fragments that have begun to diverge and have evolved fixed differences in haplotypes come back into contact. The fate of populations in secondary contact depends on their ability to interbreed and the fitness of hybrid offspring. If mate recognition systems generally diverge slowly, then many genetically distinct populations will merge. Because of male-biased dispersal, merger of nuclear genes will proceed faster than that of mtDNA haplotypes, so, for a time, the mtDNA haplotype patterns will reveal a deeper level of phylogenetic history. Some of the fragments will behave as species when they meet, either because they have undergone significant ecological and morphological evolution or because large amounts of time have passed, leading to an accumulation of differences in mate recognition systems sufficient to prevent interbreeding. The classic ring species complex, Ensatina, which has a range similar to that of Batrachoseps in California, illustrates many stages in this process (Jackman & Wake, 1994; Wake, 1997; Wake & Schneider, 1998) . The salamandrid Taricha is another California salamander that shows evidence of fragmentation and differentiation (Tan & Wake, 1995) , and additional sampling may disclose secondary contacts in this group as well. A similar scenario to explain discordance between allozyme and mtDNA markers was recently proposed for Desmognathus orestes in the southern Appalachians (Mead et al., 2001 ). Below we discuss how the elements of this scenario apply to the divergence of slender salamanders, the most speciose salamander group in the American West.
GENETIC FRAGMENTATION
Patterns of deep genetic divergence across small geographical distances are relatively common in plethodontids living in geographically old areas (e.g. Bolitoglossa subpalmata group, García-París et al., 2000a; Bolitoglossa mexicana, García-París et al., 2000b ; Desmognathus ochrophaeus complex, Tilley & Mahoney, 1996 ; Ensatina, Wake, 1997; Eurycea, Chippendale et al., 2000; Oedipina, Nototriton, and Cryptotriton, García-París & Wake, 2000; Plethodon, Highton & Peabody, 2000) , and Batrachoseps fits this pattern (Jockusch et al., 2001) .
DIVERSIFICATION OF SLENDER SALAMANDERS 381
Genetic fragmentation in Batrachoseps has been accentuated by the great age of the clade and the low vagility of these salamanders. Fossil trackways are known from Miocene deposits in the Sierra Nevada (Peabody, 1959) , and allozyme data suggest early Tertiary dates for the divergence of the major clades within sg Batrachoseps (Yanev, 1980) . Low vagility is the prelude to the pattern seen in Batrachoseps of isolation by distance over relatively small distances (Wake & Jockusch, 2000; Jockusch et al., 2001) . The maximum observed movements in mark-recapture studies of B. attenuatus and B. major are of the order of 5 m over a period of months or years (Hendrickson, 1954; Cunningham, 1960; Maiorana, 1974) . The effects of low vagility are compounded by the geologically complex history of California, which has involved substantial geological fragmentation and differential movement of parts of the landscape (Atwater, 1989) . Major plate tectonic movements and changes in sea level have affected Batrachoseps more than most other vertebrates studied in California to date (e.g. Jackman & Wake, 1994; Tan & Wake, 1995; Rodríguez-Robles et al., 1999; Macey et al., 2001; Maldonado et al., 2001; Rodríguez-Robles et al., 2001) , most probably because it is both older and more sedentary.
SECONDARY CONTACT AND SEX-BIASED DISPERSAL
When range shifts mediated by geological, climatic and other environmental changes lead to geographical contact between lineages belonging to the same major clade of Batrachoseps, the lineages frequently are insufficiently isolated reproductively to maintain their independence, so gene flow and genetic admixture result in phylogenetic reticulation. The mtDNA data confirm that contact between well differentiated lineages within the major species groups is common. Twelve mtDNA contact zones, with levels of sequence divergence ranging from 5.0 to 12.4%, have been identified within the five major clades of sg Batrachoseps. Only two within-group contact zones were previously identified using morphological or allozyme data, between B. nigriventris and B. stebbinsi, which cooccur in the Tehachapi Mountains in southern Kern Co. (Wake & Jockusch, 2000) , and between B. luciae and B. gavilanensis along ª 80 km in Monterey Co. (Yanev, 1978; Jockusch et al., 2001) . These two contact zones are also apparent in the mtDNA data, as are 10 additional intragroup contact zones. Sympatry between differentiated mtDNA lineages belonging to the same major clade has been pinpointed in two instances, between two nigriventris group lineages (Fairview and Upper Kern; Fig. 4B ) in the upper Kern River Canyon and between two lineages of B. major (northern and southern) in inland northern San Diego Co. (Fig. 4D) . Differentiated lineages closely approach each other in eight more instances in areas that generally do not correspond to present day barriers to slender salamander dispersal, and contacts almost certainly will be found with more intensive surveys. The three major clades of attenuatus are expected to meet in Marin and/or Sonoma Co. (Fig. 4A) . Three additional contact zones are expected in the nigriventris group (Fig. 4B) : between northern and southern B. nigriventris (in the Santa Ynez or Santa Monica Mountains of Santa Barbara and Ventura counties; see also Wake & Jockusch, 2000) ; between northern and southern B. gregarius lineages in southern Tulare Co. (see also Jockusch et al., 1998) ; and between the Johnsondale and Fairview lineages, which occur within a few hundred meters of each other in the upper Kern Canyon, Tulare Co. Two relictus group contact zones are expected: one between B. regius and B. kawia in the vicinity of Sequoia National Park and one between divergent clades of B. diabolicus, which occur within 15 km of each other in Calaveras Co. (Fig. 4C) . Two pacificus group members, B. luciae and B. incognitus, occur within 25 km of each other in southcoastal Monterey Co. (Fig. 4D) . Finally, the two gabrieli clades are separated by <15 km in the San Gabriel Mountains.
Allozyme data are available from populations spanning six of 12 within-group mtDNA contact zones in Batrachoseps (Yanev, 1978 (Yanev, , 1980 Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) . In only one case, contact between western B. stebbinsi and northern B. nigriventris, which differ by 10.6%, are the lineages completely isolated in both allozyme and mtDNA analyses. In the other five cases, some admixture occurs, or is inferred to have taken place in the past, as evidenced by nuclear gene flow across the mtDNA contact zone. Although sex-specific patterns of dispersal have not been studied in Batrachoseps, in the plethodontid Ensatina eschscholtzii males move more frequently than females over short distances and also move the longest absolute distances (Staub et al., 1995) . These sex-based differences in movement are sufficient to produce a pattern of male-biased gene flow (Jackman & Wake, 1994) . The molecular patterns recorded for Batrachoseps are consistent with this hypothesis. Similar patterns of deep differentiation in mtDNA combined with less differentiation in biparentally transmitted markers or markers transmitted only through males, have been documented in species in which behavioural data also confirm that females are more philopatric (Melnick & Hoelzer, 1992) .
Male-mediated gene flow, rather than introgression of mtDNA, is supported as the cause of discordance between data sets by the concordant identification of lineages in three cases, and by the geographical distribution of mtDNA haplotype clades in one. In B. luciae and B. gavilanensis, lineages are concordantly identified and the relationships are concordantly inferred (Figs 2 and 3 ), but patterns of allelic variation suggest limited gene flow between the two (Jockusch et al., 2001) . In the contact zones between northern and southern B. nigriventris and between B. luciae and B. incognitus, lineages are also concordantly identified, but relationships hypothesized from analyses of allozyme and mtDNA data sets differ (Fig. 2 vs. Fig. 3) . In each case, allozyme data indicate that geographically neighbouring taxa are more closely related to each other than to geographically distant taxa, which have more closely related mtDNA haplotypes. In two cases, northern and southern gregarius and northern and southern major, the clustering of populations into lineages is not concordant between the allozyme and mtDNA data. The gregarius patterns are compatible with either male-mediated gene flow or introgression of mtDNA. In the case of major, in which no break occurs in the allozymes despite the existence of two deeply differentiated (9.0%) non-sister mtDNA clades, the distribution of these and related mtDNA lineages supports the hypothesis of male-mediated gene flow (Wake & Jockusch, 2000) .
EVOLUTION OF REPRODUCTIVE ISOLATION
Contact zones occur not only within species groups, but also between them. At least 10 pairs of lineages, involving representatives of all major clades in sg Batrachoseps (Campbell, 1931; Lowe & Zweifel, 1951; Brame & Murray, 1968; Yanev, 1978 Yanev, , 1980 Jockusch et al., 1998 Jockusch et al., , 2001 Wake & Jockusch, 2000) , are involved in what we infer to be secondary contacts. When contact occurs between lineages belonging to different major mtDNA clades, sympatry is found, which can range from geographically narrow (e.g. B. attenuatus and B. gavilanensis in Santa Cruz Co., B. nigriventris and B. gavilanensis in south-eastern Monterey Co.; Fig. 1 ), to more extensive (e.g. B. nigriventris and B. major in southern California), without evidence of gene flow. We do not know of a single instance of hybridization across major groups in Batrachoseps. This indicates that reproductive isolation has evolved. Although the five major groups in sg Batrachoseps are completely isolated at present, there may have been some reticulation among them in the past. Such reticulation could result in nonconcordance of allozyme and mtDNA phylogenies at deeper levels within sg Batrachoseps. A possible example is the sister group relationship between the relictus and pacificus groups, to the exclusion of the B. nigriventris group, in the allozyme data, a relationship not supported by the mtDNA data. However, we note that the cytochrome b data do not support any relationships at this level strongly, so testing hypotheses of ancient reticulation requires additional data.
Comparisons of within-and between-group contact zones suggest that the outcome of contact between divergent taxa is correlated with degree of genetic differentiation. With the exception of the B. nigriventris-B. stebbinsi contact zone, where the taxa are strongly morphologically differentiated, gene flow occurs between units that differ by 8.1-12.4%, although the units that differ by 11.1% or more (e.g. B. luciae and B. gavilanensis) may be maintaining their integrity despite low levels of ongoing or recent gene flow. MtDNA divergence between the sympatric but reproductively isolated major clades is at least 14.0%. Because the threshold level at which divergence in mtDNA is accompanied by loss of gene flow appears to be high, loss of reproductive compatibility must generally be very slow to evolve in Batrachoseps. Unfortunately, nothing is known about mate recognition in Batrachoseps and courtship is undescribed. In other plethodontid salamanders, complex courtship behaviour and pheromonal cues are both involved in mating (Arnold, 1977; Houck & Reagan, 1990) . Behavioural studies of diverse plethodontids suggest that some degree of sexual isolation is the norm among allozymically differentiated allopatric populations (reviewed in Arnold et al., 1993) . Interpopulational variation in pheromone composition has also been documented (Rollman et al., 2000) . In the Desmognathus ochrophaeus complex, sexual isolation increases with increasing geographical distances (Tilley et al., 1990) . These data all support a model of gradual divergence in mate recognition systems in allopatry, but are not sufficient to predict the outcome of contact between differentiated populations in the field, which may depend both on the degree of sexual isolation and the fitness of hybrid individuals.
It is unclear what role morphological divergence between lineages plays in the evolution of reproductive isolation in Batrachoseps. In general we take morphological divergence as an indicator of ecological differences as well, but evidence of ecological divergence is relatively weak. In two instances where morphologically larger and more robust species co-occur with smaller, more slender species, the larger (B. stebbinsi and B. gabrieli) are associated with rocks and talus while the smaller (B. nigriventris is sympatric with both) is found under small surface cover (Wake, 1996) . However, no obvious ecological differences separate the larger and more robust B. major from the smaller and more slender B. nigriventris, although B. major does occur in hotter, drier lowland sites for the most part. The two within-group contact zones in which the evidence for limitations on gene flow is strongest are between morphologically differentiated forms (B. stebbinsi and northern B. nigriventris and
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B. luciae and B. gavilanensis). However, gene flow might occur even when there are substantial phenotypic differences. For instance we interpreted the close allozymic similarity of B. m. aridus and northern B. m. major, two forms that are highly distinctive both morphologically and ecologically, as being the result of exchange of genes in the recent past (Wake & Jockusch, 2000) . Southern B. gregarius is the most attenuate Batrachoseps known, and yet it appears to be connected by gene flow to the morphologically more typical northern B. gregarius.
Most cases of extensive gene flow across deep mtDNA boundaries occur between morphologically more similar forms (e.g. within B. nigriventris and B. major; it is possible that this similarity is a result of gene flow). However, morphological similarity does not guarantee resumption of gene flow when genetically differentiated units come into geographical contact, as several of the between-group contact zones (notably involving B. attenuatus, B. gavilanensis, and B. nigriventris) are between species that are so similar morphologically that individuals in the zone of sympatry cannot be reliably distinguished without molecular studies (Yanev, 1978) . At some point, genetic divergence is sufficient to guarantee that species coming into secondary contact will no longer be capable of exchanging genes, regardless of the degree of morphological similarity. We might expect rare hybrids in such instances, but we have not found them. Evidence from this study and from our published and unpublished allozyme studies suggests that no genetic exchange takes place beyond an mtDNA divergence of ª 14% (data herein) or a Nei genetic distance of ª 0.4 (Jockusch et al., 2001) .
MTDNA AND SPECIES STATUS
If the apparent conflicts between mtDNA and allozyme data are caused by male-mediated gene flow, then current patterns of interactions among populations are best inferred from allozyme data, while the mtDNA patterns reflect vestiges of a deeper history, as coalescence times for mtDNA will be greatly retarded by female philopatry (Hoelzer, 1997) . Consequently, allozyme data will be more informative for delineation of species, and mtDNA data may be positively misleading about species status. One consequence of this complex reticulate history is the possibility of species with para-or even polyphyletic mtDNA, which can result when male-mediated gene flow reconnects lineages that are not sister lineages or when a new species originates from a part of a widespread taxon otherwise held together by gene flow. Non-monophyly of mtDNA is found in B. nigriventris, B. gregarius and B. major. The mtDNA of southern B. nigriventris is more closely related to that of B. stebbinsi, B. gregarius, B. simatus and the undescribed Kern River Canyon lineages than it is to the mtDNA of northern B. nigriventris (Fig. 3) . Batrachoseps gregarius is rendered paraphyletic in most analyses by the exclusion of morphologically differentiated taxa in the Upper Kern River Canyon. The mtDNA of southern B. m. major is more closely related to that of B. m. aridus and B. pacificus than to that of northern B. m. major, which in turn has mtDNA more closely related to that of B. minor and B. incognitus (Fig. 3) . Batrachoseps pacificus, B. minor and B. incognitus are morphologically differentiated and geographically separated from B. major (Figs 1 and 4) , providing evidence that they are on independent evolutionary trajectories and thus merit recognition as distinct species under the evolutionary species concept. Furthermore, the species in which mtDNA is not monophyletic do not appear to contain independent evolutionary units, as allozyme data suggest that merger of populations belonging to different mtDNA lineages may be underway (Jockusch et al., , 2001 Wake & Jockusch, 2000) . These examples highlight the importance of relying on multiple markers reflecting more than the maternal history of populations when making taxonomic decisions, as well as the inadequacy of depicting species relationships in a single non-reticulating tree and the importance of sampling multiple individuals per species when inferring species level relationships.
Although mtDNA data should not be the sole basis for taxonomic decisions, they do raise the possibility that several of the currently recognized species of Batrachoseps are composed of multiple species. In particular, the taxonomic status of divergent, putatively conspecific mtDNA lineages that occur in close geographical proximity requires further investigation in those cases where allozyme data are not available. This geographical apposition of differentiated haplotypes is striking in B. diabolicus in Calaveras Co. (localities 111-113; Fig. 4C ), as well as in B. gabrieli (localities 106-107; Fig. 4A ), where the two identified lineages also show subtle differences in colouration. In both of these cases, the geographical proximity involves one clade that is relatively widespread and shallowly differentiated, suggesting that that clade may have spread recently into the present contact zone. The appropriate taxonomic status of the individual from population 106, which is most closely related to topotypic B. regius, is also unresolved. The two haplotypes that we assign to B. regius are greatly diverged (7.2%), although they are separated by <50 km. Finally, determination of the number of species in the Kern River region is uncertain. The haplotypes found there belong to at least two and possibly as many as four different clades, one of which is itself deeply differentiated. All populations from the lower Kern River Canyon are assignable to B. simatus, but the populations in the upper Kern River Canyon, which are currently not assigned to any species, may belong to as many as three undescribed species. We do not recommend any taxonomic revision at this point, as data from biparentally transmitted markers might indicate that these lineages are not as isolated as their mtDNA suggests.
HISTORICAL BIOGEOGRAPHY
The genus Batrachoseps is old, and reconstruction of its historical biogeography requires detailed consideration of the geological history of the west coastal region of the North American continent over the last half of the Tertiary as well as all of the Quaternary. Such an analysis is beyond the scope of this paper. However, broad patterns of distribution will be considered briefly. Both Yanev (1980) and Hendrickson (1986) have argued that Batrachoseps has been in the American West for a long time. There is strong evidence that Batrachoseps is the sister taxon of the large supergenus Bolitoglossa, which includes all tropical plethodontids (Jackman et al., 1997) , and it is reasonable to conclude that vicariant events associated with the extended San Andreas Fault system, which is intermittently continuous between northern California and central-western Mexico, may have been responsible for the original separation of these major clades (Hendrickson, 1986; Wake, 1987) . Weak support for this hypothesis comes from unsubstantiated accounts of Batrachoseps in Jalisco, Mexico (Gadow, 1905) , and near La Paz, Baja California Sur, Mexico (Lockington, 1880) . Although voucher specimens for both records exist, extensive field work has failed to uncover any additional specimens. Verification of these records would provide evidence that Batrachoseps originated in the south, as these populations might represent remnants of an ancestral stock stranded in fragments of the earth's crust that have remained far to the south of present-day distributional limits. Given the very deep molecular divergences within both Batrachoseps and the supergenus Bolitoglossa, the separation is likely to have been very early, possibly in the late Mesozoic (Miocene fossil trackways from the Sierra Nevada are clearly modern Batrachoseps; Peabody, 1959) .
The first event in the history of the genus was divergence of sg Plethopsis from sg Batrachoseps. Today there is a clear geographical separation between the northern and inland Plethopsis and the more coastal and southern sg Batrachoseps. Possibly, the uplift of the Sierra Nevada system, which was taking place throughout the Tertiary, was a factor in the vicariant divergence of these clades. Plethopsis displays what appears to be a relict distribution and includes three species that live in the most extreme environments: B. wrighti in the most northern and coldest region; B. campi in the hot, extremely arid and inhospitable Inyo Mountains and borders of Saline Valley; and an as yet undescribed species at the highest elevations within the genus, on the harsh, mainly arid Kern Plateau and borders of Owens Valley. No member of sg Batrachoseps occurs in such peripheral habitats (one population of B. relictus is known from the uplands immediately east of the Kern River), and only B. major aridus approaches the extreme ecological conditions encountered by Plethopsis.
Within sg Batrachoseps, the deepest split is between the most northern lineage, B. attenuatus, and its more southern sister group, which contains four major clades. The attenuatus lineage had probably penetrated far to the north by the early Miocene (for discussion of dating see Yanev, 1980; Jockusch et al., 2001) . Subsequently, the relictus lineage became established in the Sierra Nevada, and the pacificus and gabrieli lineages split. The pacificus group has fragmented in the lowlands, while the gabrieli group now has an extremely restricted distribution in the eastern San Gabriel and western San Bernardino mountains of southern California. It occurs just south of the ancient San Andreas Fault zone, which may have been a factor in its isolation and differentiation. The nigriventris lineage has differentiated in the southern inland area, especially in the southern Sierra Nevada, the Tehachapi Mountains, and adjoining areas.
Species of Batrachoseps are largely parapatrically distributed, and areas of sympatry are typically characterized by such unfavourable ecological conditions that populations are low density and widely scattered. Such conditions apply to the geographical overlap of B. attenuatus and B. diabolicus, B. attenuatus and B. gavilanensis, and B. gavilanensis and B. nigriventris (Fig. 1) . Thus, we postulate that when well marked species (such as those belonging to different major lineages) meet, they replace one another geographically, possibly because of ecological interactions that favour residents. This preemptive occupancy of space is perhaps a general phenomenon associated with a largely subterranean existence. For example, closely related fossorial mammals typically show such patterns of parapatry, with only narrow, local zones of sympatry (J. L. Patton, personal communication).
Diversification in B. attenuatus has occurred primarily in the northern Coast Ranges. The northern, southern and eastern clades of B. attenuatus approach each other in the vicinity of the Russian River (Fig. 4A) , and at present no major geographical barriers separate them. However, the Russian River was larger and may have posed a more formidable barrier in the past. Ensatina also shows great differentiation in this region, where the subspecies oregonensis and DIVERSIFICATION OF SLENDER SALAMANDERS 385 xanthoptica come into secondary contact (Wake, 1997 (Wake, 1997) . This region may well have been physically separated from more southern areas by a long-persistent seaway (Yanev, 1980; Jockusch et al., 2001) . Penetrance of B. attenuatus into the Sierra Nevada was evidently recent because the haplotypes from the Sierra Nevada closely resemble those from populations immediately east of San Francisco Bay and are deeply nested within the eastern clade of B. attenuatus. They could have crossed the Central Valley as part of a Pleistocene expansion, and today isolated populations persist on the valley floor (Fig. 1) . A similar pattern of dispersal was postulated for another terrestrial plethodontid salamander, Ensatina eschscholtzii xanthoptica (Stebbins, 1949) , and is supported by genetic evidence (Wake & Yanev, 1986; Moritz et al., 1992) . At its southern extreme in the Sierra Nevada, B. attenuatus overlaps with a relictus group lineage, B. diabolicus.
The relictus lineage is restricted to the western Sierra Nevada and associated foothills. It is generally associated with relatively mesic montane areas (with the exception of some populations of B. diabolicus), and our phylogenetic analysis suggests vicariant separation from north to south. It occurs at high elevations only in the central Sierra Nevada, south of the areas of maximal Pleistocene glaciation, which may well have delimited its distribution to the north. At the southern end of its range, B. relictus has crossed the Kern River in two places. Populations in the lower Kern River Canyon are apparently extinct. However, there is an extant population on the Kern Plateau, east of the Kern River, which is closely related to B. relictus from the Greenhorn Mountains on the west side of the river. The Kern River is an apparent barrier to several salamanders, including B. simatus. The lower Kern River Canyon is also where the orange colour of Ensatina eschscholtzii platensis changes rather abruptly to the lemon-yellow of Ensatina eschscholtzii croceater, and this is a tectonically active area that may well have experienced geographical isolating events in the past. At present, the Kern River Canyon may be an important barrier because the region is so inhospitable for salamanders rather than because of difficulties in crossing the river.
The lineages with the most complicated distributional patterns are the nigriventris and pacificus groups. The pacificus group consists of an array of mainly parapatric lineages that extend from north of Monterey Bay to the southernmost extent of the range in the Sierra San Pedro Mártir, in northern Baja California, Mexico, but with a gap in the south Coast Ranges occupied by B. nigriventris. A scenario consistent with both crustal movements and phylogeny can be made for much of the diversification of the pacificus lineage (for detailed analysis see Jockusch et al., 2001) . Despite the primarily northern distribution of lineages, the pacificus group probably originated in the south and then individual sublineages moved north on crustal fragments following land movement along the San Andreas fault.
The distribution of the nigriventris group is in many respects the most puzzling. Like B. attenuatus, the nigriventris group has both coastal and Sierran representatives, although the strong bias of sublineages is for a Sierran origination. It is mainly associated with the mountains at the southern end of the Sierra Nevada, a complex geological region that includes the Tehachapi Mountains. This region is characterized by geological instability, and the large San Andreas and Garlock Fault systems cross each other, contributing to its dynamic geological history. Great faults also extend up the Kern River Canyon and nearby areas, adding further to the unsettled conditions. This is the region in which the nigriventris group is maximally differentiated, possibly because this is inhospitable habitat for a salamander that requires that its skin remain moist at all times. The Kern Canyon region is extraordinary in the high number of distinct mitochondrial clades represented, and it may have been both a staging ground for evolution of the group as well as a 'museum' that preserves representatives of three of the six main lineages of the genus.
Batrachoseps is distributed on many of the islands off the coast of southern California and northern Baja California. It is found on all of the northern Channel Islands, as well as on Santa Catalina, at least three of the Islas Los Coronados, and one of the Islas Todos Santos. All of these islands are currently isolated from the mainland, with separations ranging from 6 km (Todos Santos) to 45 km (Santa Rosa, in the northern Channel Islands). East Anacapa is the closest of the northern Channel Islands to the mainland at ª 20 km. Distances have certainly varied with the marked differences in sea level that have taken place from Pliocene to the present, and the 20 km distance may have been as little as 6 km in the late Pleistocene. No evidence of a connection of the northern Channel Islands to the mainland is known to us, and continuity of marine sediments is evidence that the islands have never had an areal connection to land (Junger & Johnson, 1980; Vedder & Howell, 1980) . The islands were all connected to each other at various times in the Pleistocene, including as recently as 17 000-18 000 years ago (Vedder & Howell, 1980) . The north-ern Channel Islands are largely of volcanic origin, and large permanent islands have been available in the region for only 2-3 million years (Sorlein, 1994) . At least some species of Batrachoseps are relatively saline tolerant for amphibians (Licht et al., 1975) , and it is likely that salamanders reached the islands by rafting (Yanev, 1980) . The California Channel Islands in general are not known for much endemism, but there are some exceptions, for example among land snails; distinctive forms of grey foxes and jays have also evolved on the northern islands. One morphologically and genetically distinct salamander, B. pacificus, is endemic to the northern islands (see Yanev, 1980 ; for a detailed biogeographic analysis); its closest extant mainland relatives are located >100 km to the south. It is substantially diverged from the geographically closest mainland populations, which are assigned to northern B. m. major. The Pleistocene connections among the northern Channel Islands probably account for the fact that one haplotype of B. pacificus occurs on both San Miguel and Santa Cruz. However, the populations of B. pacificus on the different islands are allozymically distinct (Wake & Jockusch, 2000; and unpublished data) , suggesting that there is more to be learned concerning the history of these salamanders. On Santa Cruz, B. pacificus and B. nigriventris occur in sympatry essentially all over the island, and it is curious that B. nigriventris is restricted to only a single island. The B. nigriventris haplotype is sister to mainland populations of southern B. nigriventris, located south-east of the island, and is only distantly related to the northern B. nigriventris lineage, which occupies the mainland directly north of the island.
The population of B. m. major from South Todos Santos off northern Baja California, Mexico, is highly divergent from its mainland relatives; it is most closely related to, but distinct in mtDNA and allozymes, from B. m. aridus, southern B. m. major and B. pacificus (see also Wake & Jockusch, 2000) . However, the geographically closest mainland populations, from Ensenada, were not available for study. Santa Catalina appears to be the most recently settled island; its population, once considered to be a distinct species (Dunn, 1922) , is very similar to northern B. m. major from the adjacent mainland in both morphology and mtDNA. The only island population that we did not study is that from the Coronados Islands, also named as a distinct species by Dunn (1922) but now considered to be B. m. major.
All of California has been subjected to dramatic geological changes during the Cenozoic, and vicariant events associated with geological changes have doubtless had major effects on differentiation of Batrachoseps. The present coastline has been assembled from parts of Earth's crust that have moved partly independently for long distances along the San Andreas Fault system, and the assembly corresponds, to a large degree, to what we understand of the differentiation of and relationships among Batrachoseps lineages (Jockusch et al., 2001) . Less is known about the geological history of the southern Sierra Nevada region, but our findings suggest that geological events have also played important roles in the diversification of Batrachoseps in that area.
CONCLUSION
Salamanders of the genus Batrachoseps have undergone extensive diversification in California, but the small amount of morphological differentiation has masked the history of this clade, which is slowly being uncovered through the use of molecular markers. The complex geological and climatic history of California in combination with the biology of these highly sedentary organisms is responsible for much of the diversification, which has involved fragmentation and in situ differentiation. Frequently the differentiated segments have experienced recontact. Either sympatry, typically geographically limited, between species-level taxa then occurs, or the lineages merge, showing that they have not evolved full reproductive isolation. The sex-limited mitochondrial markers are signatures of the deeper history, whereas the biparentally inherited allozymic markers demonstrate that merger is occurring. Half a century ago these common salamanders were thought to constitute but a single, somewhat variable species in California, but a combination of discoveries in the field of previously unknown, morphologically distinct taxa and in the laboratory of molecularly distinctive forms has led to the understanding that the sg Batrachoseps is a complex of five well supported clades, three of which contain four or more species. While our cytochrome b data do not fully resolve the relationships among these five major clades, they do provide robust support for many relationships within these clades, and identify many regions in which deeply differentiated clades are in geographical proximity.
Morphologically conservative organisms pose a special challenge for evolutionists and systematists. Sometimes morphologically uniform taxa are also genetically uniform, but especially in ancient lineages such as salamanders morphological uniformity often masks profound genetic differentiation. We have found instances (e.g. B. stebbinsi and B. major aridus) of morphologically divergent taxa nested high in this generally morphologically conservative clade, indicating that morphology can diverge rapidly. More often, however, molecular data reveal astonishingly large (e.g. numerous fixed differences at allozyme loci and >15% divergence in mtDNA) degrees of divergence DIVERSIFICATION OF SLENDER SALAMANDERS 387 with virtually no detectable morphological change (as in the comparison of B. attenuatus and B. gavilanensis). This rich mosaic provides insight into the interplay of diverse processes during phylogenesis.
